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INVESTIGATION OF TURBINES FOR DRIVING SUPERSONIC COMPRESSORS.
 II - PERFORMANCE OF FIRST CONFIGURATION WITH 2.2-PERCENT
REDUCTION IN NOZZIE FLOW AREA

By Werner L. Stewart, Harold J. Schum, and ' .
Robert Y. Wong

SUMMARY

The experimental performance of & modlfied turbine for driving a
supersonic compresscr ls presented and compared with that of the orig-
inel configuration in order to illustrabte the effect of small changes
in the ratio of nozzle-throat exrea to rotor-throat ares on the perform-
ance of turbines designed to operate with both blade rows close to

choking.

The turbine modificetion consisted of a 2.2-percent reductlion in
nozzle-throat area by decreasing the nozzle-exit blade angle 1°. The
experimental performance indicates that, at design speed, design spe-
cific work was cbtained at the design total-pressure ratio of 2.19 and
an adisbatlic efficiency of 0.80, whereas in the original conflguration
the turbine limiting-loading polnt was reached at a specific work ocutputb
Just below that of design. At design total-pressure xratio, a 3-point -
incresse in adisbatic efflclency was obhtained over that of the initial
configuraetion. This increase resulted from operation that was further
removed from the turbine limiting-loading point which, in turn, reduced
the losses at the rotor exit. Design specific work was obtalned
because of increased nozzle-exit tangentiasl veloclties; however, the
rotor still limited the f£low so that negative turbine-exit tangential
veloclities were required to obtain the required speciflc work output.

A reduction in weight flow of only 1.5 percent could be attributed to
decreased total condlitions relative to the rotor. On the basis of the
results of this investigation, it is concluded that the retic of nozzlie-
throat area to rotor-throat area becomes especially critical in the
deslgn of turbines such as those 'designed to drive high-speed, high-
specific-welght-flow compressors whe:r:e the turbine nozzles and rotor

are both very close to choking.
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INTRODUCTION

As part of a program to study the aerodynamic problems assoclated
with turbines designed to drive high-speed, high-specific-weight-flow
compressors, an investigation of turbines for driving a particular
supersonlc compressor 1ls being conducted at the NACA Iewis laboratory.

The design and cold-air investigation of the firet turbine configuration
has been completed (reference 1). The high-speed, high-specific-weight-
flow charascteristics of the compressor resulted in a severe stress prob-
lem in the turbine-rotor design. In order to reduce the stress to a
practical value, the absolute Mach number leaving the turbine was made
high, resulting in a turbine design in which both the rotor and the
nozzle operated very close to choking. The performance of the turbine

of reference 1 indicated that the rotor limited the weight flow to 95 per-
cent of that of design which resulted -in nozzle-exit tangential velocities
considerably less then design. Thie resulted in a specific work output
slightly less than that of design. Referenceée 1 indiceted that an improve-
ment in the turbine efficiency could be obtained by increasing the nozzle-
exit tangential velocities. As stated in reference 1, the simplest means
of increasing these velocities would be to reduce the nozzle-throst area.
An sdditional small reduction in air welght flow, however, would be
expected because of the decreased total conditions rélative to the rotor.

The subject report illustrates the effect of small changes in the
ratio of nozzle-throat area to rotor-throast area on the performance of
turbines designed to operate with both the nozzle and the rotor blades
close to choking. The experimental performance of the cold-air turbine
of reference 1 with a 2.2-percent reduction in nogzle-throat area is
presented herein and compared with that of the original configuration.
Herein the original configuration will be referred to as 1A, and. the
modified configuration will be referred to as 1B.

SYMBOLS

The following symbols are used in this report:

h specific enthalpy, Btu/lb
N rotative speed, rpm

P absolute pressure, lb'/sq £t
r redius, £t

T absolute temperature, %r

U blade velocity, ft/sec

a8sd
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%k

t

W welght-£low rate, lb/sec
T ratio of specific heats
ratio of inlet-air pressure to NACA standard sea-level pressure,
P, /fo*
r_ —
T-1
)
* 2
function of Sy
€ T’ T T*
*_
r*+l)r. 1
2 -

1 adisbatic efficlency defined as the ratio of turbine work based
on temperature measurements to ideal turbine work based on inlet
total conditlons, and outlet total pressure consisting of the
static pressure plus the pressure corresponding to the axial
componeht of velocity

Bor squared ratio of critical veloclty at turbine inlet to critical
velocity at NACA standard sea-level temperature, (V. V;})Z

Subscripts:

av average

+ rotor tip or outer radius

1 measuring station upstream of nozzles

2 measuring station at nozzle outlet, rotor inlet

3 meeasuring station downstream of rotor

4 measuring station in ouilet pipe

Superscripts:

NACA standserd conditlions

total state
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TURBINE BLADING MODIFICATION

The turbine blading used in this investigation was the same as that

described in reference 1 with the exception of the nozzle-throat sres.
This flow aresa was ¥éduded 2.2 pércent by changing the nozzle angle 1°.
The throat area at the hub and tip were measured before and after the
angle “change. The two areas were then arithmetically averaged for each
setting and these averages compared to obtain the stated reduction.
Prior to installation of the rotor, the choking weight flow through the
modified nozzle configuratlon was obteined. - The observed weight flow
of 14.4 pounds per second represented a 2.7-percent drop from the B
original-nozzle choking welght flow and spproximated the area measure-
ments closely. This weight flow was slightly less than the rotor
chcoking weight flow of configuration 1A which was_14.5 pounds per second
a8 reported in reference 1. .

APPARATUS, TNSTRUMENTATION, AND METHODS

The apparstus, the 1n.strumen‘bation, and the methods of calculating
the performance parameters used in this investligation were the same as
those described in detell in reference 1 with the exception of the
aforementioned nozzle flow-sngle change and the addition of a honeycomb
flow-straightening section in the turbine discharge ducting, approxi-
mately 18 inches upstream of the turbine-outlet temperature rake. A
diagrammatic sketch of thée turbine setup and its various components is
shown in figure 1. 'The straightening section was incorporated in the .
epparatus in order to reduce the flow angle relative to the thermocouple
rake at the turbine-outlet measuring station (station 4, fig. 1).
Although the thermocouple rake 1s considered to be relatively insensi-
tive to yaw, it was felt that the accuracy of the temperature measure-
ments would be improved at off-design cperation where the. deviation of
the flow angle from axial becomes the greatest.

All the turbine performance runs were made in the same manner as
those of reference 1. The turbine-inlet temperature and pressure were
maintained constent at nominal values of 135° F and 32 inches of mercury
absolute, respectively. The speed was varled from 50 to 130 percent oi’
design speed in even increments of 10 percent. At each speed, the
total-pressure ratio across the turbine was veried from the maximum
possible (as dictated by the leboratory exhaust facilities) to approxi-
metely 1.40. Turbire adiabatic efficlency was based on the ratio of
inlet total pressure to outlet total pressure (both defined as the sum
of the statlic pressure and the presgure of the axial component of
velocity, see reference 1).

The accuracy of the measured and’ calcula.ted pa.ra.me’cers is’ estimated
to be within the followling limlts:
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These values refer to the ghsolute asccuracy. The reproducibility of the
adlabatic efficlency at or near design operating conditions was calcu-
lated to be within £0.6 points.

RESULTS AND DISCUSSION

Over-all performance. - As discussed in the TURBINE BLADING MODI-
FICATION section, the nozzle-throat areas of configuration 1B was
2.2 percent less than that of configuration 1A. The over-all perform-
ance of configuration 1B is illustrated in figure 2. The equivalent
specific work Ahﬁ/ecr as calculated by the totalltemperature measure-
ments 1s shown as a function of the weight-flow parameter ¢wN/d
(product of equivalent weight flow and turbine speed) with percent of
design speed and total-pressure ratlo as parameters. Efficlency con-
tours are also included. The design-equivalent-specific-work and
weight-flow parsmeter used in the turbine design (reference 1) are indi-
cated by point B. Design equivalent specific work and speed are denoted
by point A. As indicated by point A, design speciflc work was obtained
at the design total-pressure ratio of 2.19 and at an adisbatic efficiency
of 0.80. A comparison of the abscissas shows that 83.5 percent of
design weight flow was passed, representing a drop of only 1.5 percent
from that of configuration 1lA. A peak efficiency reglion of over 0.85
can be observed around 90 percent of design speed and a total-pressure
ratio of 1.7. This peak efflcliency did not change in .value from con-
flguration 1A but shifted slightly to a region of higher total-pressure
ratio (compare with reference 1).

The performance results of configurations 1A and 1B at design speed
are presented in figure 3. The variation in equivalent specific work
and adiabatic efficiency with total-pressure ratio is shown. It is
apperent that for configuration 1B, design specific work was obtalned
before the turblne limiting-loading point was reached; wheresdas in con-
figuration 1A, the turbine limiting-loading point was reached Just
before design specific work was obtained: The turbine limiting-loading
point is defined as that point at which further increases in total-
pressure ratio result in no additional turbine work output. It can also
be noted that at the total-pressure ratlio of 2.19 an efficiency increase
of approximately 3 points was obtained for configuration 1B over that of
conflguration 1A. The peak efficiency remeined at approximately (.84
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but shifted from a total-pressure ratioc of 1.65 obtained in configura-

tion 1A to a total-pressure ratio of 1.85. . The turbine design require-

ments and the results of the experimental investigations of configura- e
tlons 1A apd 1B are summarized in table I. ’

Choking of rotor. - The total-to-statlc pressure ratioc across the
nozzles at the lnner and outer walls are shown in figure 4 as a function
of the total-pressure ratlo across the turbine at design speed. For
comparison, the curves for configuration 1A are also included. For
configuration 1B, there is mo change in total-to-static pressure ratio
across the nozzles beyond & total-pressure ratic of 1.8. Thus, the
rotor is again choking at this total-pressure ratio; therefore, an
increase in total-pressure ratic across the turbine does not affect the
rotor inlet conditioms. Although both configurations choked at & tur-
bine total-pressure ratic of sbout 1.80 (fig. 4), the total-to-static _
pressure ratlio across the nozzles at both the immer end outer walls was ' o
increased for configuration 1B over that obtained for configuratlon 1A. _
Because the nozzle-exlt sangle was not apprecisbly changed, the veloc- i
ities leaving the nozzles were therefore increased with a resultant
increase in nozzle-~exit tangential velocities.

2588

The design total-to-static pressure retios across the nozzles at —the
inner and outer walls (fig. 4) are based on isentropic flow through the
nozzles. Because of losses incurred in the nozzles, the total-to-static
pressure ratic would have to be slightly higher than shown in order to
obtain the design nokzle-exit tangential velocities. A comparison of ;
the design total-to-static pressure ratio wlith that actually obtained
indicates that the nozzle-exit . veloclties at the tip were close to
design, whereas the nogzle-exit tangential velocitles at the hub were
considerably less than that of design. Even with the higher nozzle-
exit tengential velocities, some negative rotor-exit tangentlal veloci-
ties were therefore still required to cbtain the design specific work.

This is shown in figure 5 where absolute discharge flow angle and

temperature-drop ratio surveys are presented for configuration 1B at & S
total-pressure ratic of 2.18, which is very ¢lose “to the total-pressure
ratio at which design specific work was obtained. The surveye were
taken at station 3 (fig. 1). The angle survey indicates considersable
negative exit tangentiasl velocities near the inner wall as evidenced
by approximstely 15 -of overturning. The flow angle diminishes toward
the outer wall until a small amount of pogitive exit tangentlal velocity o
is indicated by approximately 7 of underturning at the outer wall. The
tempersture-drop survey indicates & high specific work output over one- .
half of the blade near the Iinner wall; the speclfic work output, however,

then decreases considerably near the tip; Hence, although the average

specific work output is design, the specific work output near the hub ) .
is grester than design and_can be attributed to the negative exit .
tangential veloclties in this region. .
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Anslysis of results. - The experimental performance of configuration
1B has Indicated that, with & 2.2-percent reduction in nozzle-throat
area, a sufficient increase in nozzle exit tangential veloclties was
obtained so that, at design speed, design specific work was obtained at
& total-pressure ratio less than thet corresponding to the turbine
limiting-loading pcint. At a total-pressure ratio where design work was
obtalned, the adisbatic efficiency for configuration 1B increased 3 points
over that of configuration 1A (fig. 3). This increase in efficiency
resulted from turbine operation that was further removed from the tur-
bine limiting-loading point which, in turn, reduced losses at the rotor
exit. Because the rotor limited the flow at design speed and at désign
total-pressure ratio, the l.5-percent reduction in rotor choking weight
flow can be attributed to the decreased total conditions relative to the
rotor entrance which were caused by the lncreased nozzle-exlt tangential
velocities-

Because design nozzle-exit tangentlsal velocities were not obtained,
negative exit tangential velocitles were found necessary in order to
obtain the desired average specific work. If the ratio of nozzle-throat
area to rotor-throat area could be altered further, an additional
increase 1n efficiency and specific work output would be expected. The
nozzle-exit tangential velocities could then be increased more and )
design specific work would be obtained with less negative turbine-exit
tangentisl velocities. The corresponding total-pressure ratio would
then be further removed from the turbhine limiting-loading point.

The experimental performence also indicated that a high specific
work outpubt could be obtalned near the inner wall, whereas the work
output near the outer wall was limited.  This phenomenon indicates the
possibility that the rotor tip reaches limiting loading at total-pressure
ratios below the turbine limiting-loading point. From this considera-
tion, a more efficient turbine configuration might be evolved so that an
incressed work output would be cbtained before the limiting loading &t
the tip would be reached.

SUMMARY OF RESULIS

From an investigation of the performance of a turblne designed for
driving a supersonic compressor and modified from that of the initial
configuration by & reduction in nozzle-throat area of 2.2 percent the
following results were cbtained:

1. At design epeed, design specific work was obtained at the design
total-pressure ratio of 2.19 and an efficiency of 0.80; whereas the
performance of the initlal configuration indicated that the turbine-
limiting-loading point was reached at a specific work just below Jesign.
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2. At design total-pressure ratio, a 3-point increase in adiebatic
efficlency was obtained over that of the initial configuration. This
increase resulted from turbine operation that was further removed from
the turbine limiting- load:l.ng point, which, in turn, reduced the 1osses
at the rotor exit.

3. Design specific work was cobtalned because of increased nozzle-
exit tangentlal velocities; however, the rotor still limited the flow
s0 that negative turbine-exit tangential velocities were required to
- obtain the required specific work output. The reduction in weight flow
of only 1.5 percent could be a.ttributed. to d.ecrea.sed. 'hotal conditions
relative to the rotor. o

CONCLUSION

On the basls of the results of the investigation presented herein,
the ratio of nozzle-throat area to rotor-throat area is concluded to
become especlally critical in the design of turbines such as those
designed to drive high-speed, high specii‘ic-weigh‘b-flow compressgors
where the turbine nozzles and rotor are both very close to choking.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aercmautics
Cleveland, Ohio
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TABIE I - DESIGN REQUIREMENTS AND EXPERIMENTAT. RESULTS

OF TURBINE FOR DRIVING SUPERSONIC COMPFRESSOR

Design Turbine configuration
require- 1A 1B
ment ’
Equivalent weight flow,
€wx/6./5, 1b/sec. 15.2° 14.5 14.25
Equivalent tlp speed,
Up/N6,ps Tt/sec 752 752 . 752
Equivalent specific work, Limiting loading
Ah'/6,,, Btu/lb ' 20.0 |before design work| 20.0
Total-pressure ratio,
P]f/Ps’ . B ’ 2:19 |memmcmmmecamca———— 2.19
Adiabatic efficiency, 1 0.80 |[eemmeccccccam—e———— 0.80
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Equivalent specific work, Ah'/6 or? Btu/1b

Adiabatic efficieney, 1
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| I A
| i B—
20 Design equivalent specific work |
A -7

i
18 ///’/

16

14 /
. V/

12 N Y .
.90 - — e - —— e

;—/— -—\-,‘\ u’\\
.80 ~

=
\\ \
SO
.70 'S i
1.4 1.6 1.8 2.0 2.2 2.4 2.6 -

Turbine total-pressure ratio, py’ /ps’

Figure 3. - Veriation in eguivalent work and efficlency with
totel-pressure ratio across turbine st design speed.
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Figure 5. - Variation of rotor discharge flow angle and total-
temperature-drop ratic with rotor discharge radius ratlo at

deslign speed and total-pressure ratio of 2.18.
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